Respiratory syncytial virus (RSV), the main cause of infant bronchiolitis, remains a major unmet vaccine need despite more than 40 years of vaccine research. Vaccine candidates based on a chief RSV neutralization antigen, the fusion (F) glycoprotein, have foundered due to problems with stability, purity, reproducibility, and potency. Crystal structures of related parainfluenza F glycoproteins have revealed a large conformational change between the prefusion and postfusion states, suggesting that postfusion F antigens might not efficiently elicit neutralizing antibodies. We have generated a homogeneous, stable, and reproducible postfusion RSV F immunogen that elicits high titers of neutralizing antibodies in immunized animals. The 3.2-Å X-ray crystal structure of this substantially complete RSV F reveals important differences from homology-based structural models. Specifically, the RSV F crystal structure demonstrates the exposure of key neutralizing antibody binding sites on the surface of the postfusion RSV F trimer. This unanticipated structural feature explains the engineered RSV F antigen's efficiency as an immunogen. This work illustrates how structural-based antigen design can guide the rational optimization of candidate vaccine antigens.
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subunit | epitope R espiratory syncytial virus (RSV) is the most common cause of acute lower respiratory infection among children worldwide and the leading cause of infant hospitalization for respiratory disease in developed countries (1, 2) . There is currently no vaccine or specific therapeutic agent for RSV, although prophylaxis with a potently neutralizing monoclonal antibody, Palizivumab, is available for those infants at highest risk (3) . Vaccine development has been hampered not only by a history of vaccine-mediated disease enhancement, but also by problems with the stability, purity, reproducibility, tolerability, and potency of vaccine candidates (4) (5) (6) . The RSV fusion glycoprotein (F) is a conserved target of neutralizing antibodies (7) , including Palivizumab and the closely related monoclonal antibody, Motavizumab (8) . Therefore, F is a promising antigen for RSV candidate vaccines.
RSV F is a membrane anchored glycoprotein that mediates viral entry into host cells. The basic features of RSV F are shared with the fusion glycoproteins of other members of the Paramyxoviridae, such as parainfluenza virus 3 (PIV3), PIV5, and Newcastle disease virus (NDV). During cell entry, F glycoproteins undergo a conformational change that brings the viral and cellular membranes into proximity, ultimately leading to their fusion (9) . Unlike parainfluenza F, which contain a single furin cleavage site, RSV F has two cleavage sites separated by a 27-amino-acid fragment (p27) (Fig. 1A) . Activation of RSV F for membrane fusion requires cleavage by furin at the two sites, removing p27 and separating the protein into the disulfide-linked F1 and F2 (Fig. 1A and Fig. S1 ) (10) . The resulting N terminus of F1 harbors a hydrophobic fusion peptide responsible for cellular membrane insertion, and the C terminus of F1 is anchored in the viral membrane by virtue of the transmembrane (TM) region.
The prefusion and postfusion forms of RSV F each have potential shortcomings as vaccine antigens. Large structural differences between the lollipop-shaped prefusion F trimer and the crutch-shaped postfusion F trimer are apparent even at the resolution of electron microscopy of negatively stained specimens, suggesting that prefusion and postfusion F may be antigenically distinct (11) . To prevent viral entry, F-specific neutralizing antibodies presumably must bind the prefusion conformation of F on the virion, before the viral envelope fuses with a cellular membrane. Therefore, it might be expected that RSV F must be presented in the prefusion conformation to elicit neutralizing antibodies efficiently. However, prefusion F is a "metastable" structure that readily rearranges into the lower energy postfusion state, which aggregates due to exposure of a hydrophobic fusion peptide (12) , and efforts to generate a soluble, stabilized prefusion F subunit antigen have not yet yielded candidates suitable for testing in humans.
Structures of the closely related PIV3 and NDV F proteins in their postfusion conformation and of the PIV5 F protein in its prefusion conformation have been determined previously (13) (14) (15) (16) . The structures confirm significant rearrangement of F between the prefusion and postfusion conformations. The largest difference between the two conformations is the packing of the heptad repeat A and B (HRA and HRB) regions (Fig. 1A) . In the postfusion trimer, HRB helices and linkers pack against an HRA coiled coil, burying it in the center of a six-helix bundle. In the prefusion trimer, HRB forms a coiled-coil stalk, and the HRA residues pack into the globular head, making a significant contribution to the protein surface. Homology modeling of RSV F based on these PIV F structures and analysis of a Motavizumab-peptide complex suggested that the dominant neutralizing epitope recognized by Palivizumab and Motavizumab might be buried in trimeric RSV F, requiring at least a local dissociation for surface exposure (17) .
Here we report the 3.2-Å resolution crystal structure of a stable, soluble, and well-behaved RSV F postfusion trimer. Contrary to expectations, immunization of mice or cotton rats with this antigen elicits high neutralizing antibody titers. The crystal structure reveals that, although RSV F shares the overall archi-tecture of the PIV F glycoproteins, it also has important differences from structural models of RSV F that were based on homology modeling from PIV F (17) . The unanticipated differences expose the key Palivizumab/Motavizumab neutralization site on the RSV F surface, even in the postfusion conformation, and explain this stable antigen's potency as a potential vaccine immunogen.
Results
RSV F Antigen Generation and Immunogenicity. To produce a stable, nonaggregating RSV F candidate subunit antigen, we deleted the fusion peptide, transmembrane region, and cytoplasmic domain ( Fig. 1A and Fig. S1 ) (18) . This engineered F can be expressed efficiently and is readily purified. Because the construct retains the furin cleavage sites, the expressed glycoprotein is processed to F1 and F2 fragments. Electron microscopy of negatively stained specimens shows that it forms nonaggregated, homogeneous crutch-shaped molecules, consistent with postfusion F trimers (Fig. S2A ). This engineered F trimer is very stable: Circular dichroism spectroscopy reveals no significant melting at temperatures up to 95°C (Fig. S2 B and C) .
Two 5-μg doses of the alum-adsorbed RSV F protect cotton rats from intranasal RSV challenge ( Fig. 2A) , reducing lung RSV titers from ∼1 × 10 6 plaque forming units (pfu)/g in unimmunized animals to below the limit of detection (<200 pfu/g) in immunized animals. The immunized cotton rats had mean serum RSV neutralization titers of 1:5,150 (Fig. 2B) , well above the 1:380 that correlates with protection in cotton rats (19) and similar passively acquired serum neutralizing titers that correlate with protection of human infants from severe RSV disease (20, 21) .
Crystal Structure of the RSV F Postfusion Trimer. To understand the molecular basis for the unexpectedly high immunogenicity of the postfusion F antigen, we crystallized the glycoprotein and determined its structure by molecular replacement and threefold noncrystallographic symmetry (NCS) averaging (Table S1 , Fig.  S3 and Materials and Methods). The structure does not include the p27 fragment (the peptide between the two furin sites that is lost upon cleavage), the fusion peptide, the transmembrane region, or the cytoplasmic domain ( Fig. 1A and Fig. S1 ).
The overall architecture of postfusion RSV F is shared with postfusion parainfluenza virus F glycoproteins (Fig. 1) . The glycoprotein is composed of three tightly intertwined subunits, forming a globular head and an elongated stalk. Each subunit contains three domains, designated I, II, and III ( Fig. 1 A-C) . Domains I and II are at the top of the trimeric head and form a triangular crown. Domain III forms the base of the head. A long helix, HRA, extends from domain III and forms the trimeric coiled coil in the center of the stalk. The HRB helix is tethered to domain II and reaches down to the head-distal end of the stalk, where it forms the outer coils of a six-helix bundle with the HRA interior coiled coil. In full-length F, the hydrophobic fusion peptide (N terminal to HRA) and the transmembrane region (C terminal to HRB) would be juxtaposed at the bottom of the stalk and inserted into the target cell membrane.
Comparison of RSV F and Parainfluenza F Proteins. F domains I and II from RSV, PIV3 ( Fig. S4 A and B) , and PIV5 are structurally conserved. The only significant difference is in the orientation of the sole helix of domain I (η3 of RSV F and α6 of PIV3 or PIV5 F) relative to their common β sheets. In contrast, RSV domain III has features that were not predicted from PIV-based modeling (17) (Fig. 3) . When the four-stranded β sheets of RSV domain III and PIV3 domain III are superimposed, key differences in the domains' helical regions are apparent. Helix HRA kinks at a more N-terminal position in RSV F than in PIV3 F, causing an ∼60°difference in the rotation of the heads relative to the stalks (Fig. 3 A, B, and D) . Influenza hemagglutinins also vary in the orientations of their heads relative to their stalks, with 30°-50°differences in rotation between subtypes (22) . the bundled helices relative to those in parainfluenza F (Fig. 3  A-C and Fig. S1 ). RSV F helices α5 and α6 are almost parallel and are exposed on the trimer surface; the equivalent to RSV F α6 helix in the PIV3 helical bundle (α5, Fig. 3C ) is buried in the intersubunit interface of the trimer. RSV F helices α5 and α6 form the epitope bound by neutralizing antibodies Palivizumab and Motavizumab. These antibodies bind cell surface-expressed, full-length, likely prefusion RSV F (23) and inhibit RSV cell entry and F-mediated cell-cell fusion (24) , presumably by preventing conformational changes in F. The structure of a complex between the Motavizumab Fab and a 24-residue RSV F peptide that includes α5 and α6 has been reported (17) . Comparison between this structure and the postfusion RSV F structure reveals a close match between the α5-α6 helices (rmsd for 23 α-carbon atoms = 0.52 Å; Fig. 4A ). Superposition of the two structures based on these helices models a complex between Motavizumab and postfusion RSV F (Fig. 4B) . This model reveals no steric hindrance that would prevent Motavizumab (or, presumably, Palivizumab) from binding to postfusion RSV F. We have confirmed binding of Palivizumab to the postfusion F ectodomain in solution using surface plasmon resonance (K D of 4.2 × 10 −10 M) (Fig. S5) . Notably, it has been reported that the affinity of Motavizumab for the isolated peptide is at least 6,000-fold lower than for the folded RSV F protein (8, 25) , further suggesting that tight binding is dependent on the conformation of this epitope.
Neutralization Sites on the RSV F Postfusion Structure and an RSV F Prefusion Model. Prefusion and postfusion PIV F structures reveal en bloc shifts of domains and large rearrangements of HRA and HRB. In domain III of the prefusion PIV5 structure, HRA folds into three α helices and two β strands rather than the long postfusion HRA helix (15) . However, when prefusion and postfusion conformations of individual PIV F domains are compared, the nonrearranging parts superimpose well. Superimposing postfusion RSV F domains on their prefusion PIV5 F counterparts does not result in major clashes and positions all of the pairs of cysteines that form interdomain disulfide bonds in proximity. The prefusion RSV F model obtained by thus combining information from the postfusion RSV F structure and the prefusion PIV5 F structure reveals a feature not apparent from homology modeling prefusion RSV F based solely on the PIV5 prefusion structure (17) helices of the Palivizumab/Motivizumab epitope are exposed on the surface of the modeled prefusion RSV F trimer as they are on postfusion RSV F trimer structure ( Fig. 5 A and B and Fig. S6 ). In our prefusion RSV F model, the loop connecting β4 and HRC (part of domain III) would hinder access of Palivizumab or Motavizumab to the epitope. However, it is likely that the loop has sufficient flexibility to adopt an alternative conformation that permits antibody binding (Fig. S6B) . The RSV F construct does not include the fusion peptide. In the determined prefusion PIV5 structure, the fusion peptide packs into the globular F head, suggesting that fusion peptide deletion might destabilize the prefusion conformation (15) . How then does fusion peptide-deleted RSV F achieve a stable postfusion conformation?
Either fusion peptide-deleted RSV F folds directly into its postfusion state without passing through a prefusion intermediate or it folds into a transient prefusion conformation despite the lack of a fusion peptide. The presence of the p27 peptide immediately N terminal to the fusion peptide in uncleaved native RSV F but not PIV5 F suggests that the fusion peptides of RSV F and PIV5 F could pack differently in their prefusion conformations. The V H and V L domains of the Fab are blue and orange, respectively; helices α5 and α6 from the RSV F structure and the peptide-Motavizumab structure colored green and magenta, respectively; a glycan on F is black; and the remainder of F is white.
Dilutions of sera
The antigenic structure of the RSV F trimer has been mapped by a variety of techniques (7, 17, (26) (27) (28) (29) (30) (31) (32) (33) (Table S2 and Fig. S1 ). The best documented epitope clusters are designated A and C (34), and others have been proposed. The Motavizumab-peptide structure corroborated the location of site A, although it called into question the site's exposure on the RSV F trimer (17); a crystal structure of an RSV F peptide (residues 422-436) bound to the 101F neutralizing antibody corroborated the location of site C (33). The postfusion RSV F structure and the prefusion RSV F model suggest that sites A and C remain exposed and structurally similar in both conformations (Fig. 5 A and B and Fig. S6 ). Superposition of the 101F-peptide complex on the RSV F prefusion model and postfusion structure confirms that 101F would not clash with F in either conformation (Fig. S7) . Although HRA and HRB do not contribute to antigenic sites A and C, some peptide binding data (7) suggest that these rearranging elements may contribute to less well-characterized neutralizing epitopes, which might only be presented by prefusion RSV F.
The preservation of sites A and C in both prefusion and postfusion RSV F plausibly explains the ability of a postfusion RSV F antigen to elicit high titer neutralizing antibodies in immunized animals. Consistent with this hypothesis, competition ELISA demonstrates that pooled sera of mice immunized with the alum-adsorbed postfusion RSV F antigen (but not sera of unimmunized mice) inhibit Palivizumab binding (Fig. 5C ).
Discussion
We have determined the crystal structure of an RSV F postfusion antigen that was structurally engineered for easy purification, homogeneity, and stability. On the basis of PIV F homology models, it was thought that neutralizing epitopes would be disrupted on the postfusion RSV F conformer and that the key neutralizing epitope bound by Palivizumab and Motavizumab might not be exposed, even on the surface of the prefusion RSV F trimer (17) . However, we found that immunization of cotton rats with the fusion peptide-deleted, postfusion RSV F ectodomain elicits high neutralizing antibody titers and protects the animals from RSV challenge. The crystal structure of the RSV F postfusion trimer revealed that the Palivizumab/Motavizumab epitope, site A, is exposed and accessible on the postfusion trimer structure. Indeed, tight binding of the RSV F postfusion trimer by Palivizumab was confirmed by surface plasmon resonance. Sera of mice immunized with the RSV F postfusion trimer, but not sera from nonimmunized animals, competed with Palivizumab for binding to F. Site C, an additional important neutralizing epitope recognized by neutralizing antibodies such as 101F is also well exposed on the postfusion RSV F trimer. Therefore, the crystal structure of the postfusion RSV F trimer demonstrates that key neutralizing binding sites are present and exposed on this form of F, providing the basis for eliciting high titer neutralizing antibodies. Notably, an improved model of the prefusion F structure based on combining information from the postfusion RSV F structure and the prefusion PIV5 F structure shows that the Palivizumab/Motavizumab and 101F binding sites would likely be available on the prefusion protein surface as well.
In summary, our results demonstrate that it is possible to engineer an optimized RSV F antigen for a candidate subunit vaccine. The postfusion conformation confers high thermal stability and homogeneity. The deletion of the fusion peptide and transmembrane domain confers solubility and lack of aggregation (18) . The presentation of neutralizing epitopes on the surface of postfusion F trimers enables this biochemically tractable antigen to elicit the high titer neutralizing antibodies that are associated with protection from disease (19) (20) (21) . The structural approach to antigen design for a candidate RSV vaccine provides a model for optimizing and evaluating new vaccine antigens to address unmet medical needs.
Materials and Methods
RSV F Protein Expression and Purification. A DNA construct encoding RSV F residues 1-136 and 146-524 (corresponding to the F ectodomain without the fusion peptide) with a C-terminal histidine tag was codon optimized and synthesized (Geneart). Recombinant F was expressed using a baculovirus expression vector in HiFive cells (Invitrogen) and purified by nickel affinity and size exclusion chromatography. Although the construct lacks the fusion peptide, HRA and HRC are still separated by a 48-amino-acid-long tether (Fig. 1A and Fig. S1 ). These residues could span the 130-Å distance that separates HRA and HRC in the postfusion form of F (Fig. 1B) , potentially allowing folding of the protein into the postfusion conformation before furin cleavage.
Crystallization. Crystals were grown at 15°C with the hanging-drop vapordiffusion method by mixing equal volumes of protein solution (∼10 mg/mL) and precipitant solution (4.2 M sodium formate, 100 mM sodium acetate, pH 5.1). Crystals were flash frozen directly from the hanging drop in liquid nitrogen. All crystals belong to the orthorhombic space group P2 1 2 1 2 1 (Table S1 ).
Structure Determination. X-ray diffraction data were collected at the 17-ID beamline (Industrial Macromolecular Crystallography Association -Collaborative Access Team, Advanced Photon Source, Argonne National Laboratory, Argonne, IL) on a Pilatus detector. The data were integrated with XDS (35) and scaled with SCALA (36, 37) . Details of the structure determination and refinement are reported in SI Materials and Methods. Briefly, initial phases were obtained by molecular replacement with PHASER (36, 38) using as a search model a modified postfusion PIV3 F protein [Protein Data Bank (PDB) code 1ZTM] in which the six-helix bundle had been replaced with the corresponding region from RSV F (PDB code 3KPE).
Model building was performed with "O" (39) and Refmac (36, 40) was used for refinement. The final model has R work and R free of 23.1 and 26.6%, respectively (Table S1 ).
Mouse Immunization. BALB/c mice were immunized intramuscularly with 5 μg of RSV F trimers adsorbed to aluminum hydroxide. Sera were collected 2 wk after the second immunization (given 4 wk after the first).
Cotton Rat Immunization and RSV Challenge. Cotton rats were immunized intramuscularly on days 0 and 21 with 5 μg of RSV F trimers adsorbed to aluminum hydroxide. Sera were collected on day 35. Cotton rats were challenged intranasally with 1 × 10 5 pfu of RSV strain Long on day 49.
Cotton rat lungs were harvested on day 54. Harvested lungs were homogenized and clarified. Virus in the lung samples was titered by plaque assay on Hep-2 cells by infecting for 2 h, removing the inoculum, and overlaying with 1.25% SeaPlaque agarose (Lonza) in Eagle's minimum essential medium. After 3-4 d, cells were stained with neutral red. Plaques were counted 1 d later. Samples with titers less than the limit of detection (∼200 pfu/g of lung tissue) were assigned a titer of 100 pfu/g.
Neutralization Assay. The RSV microneutralization assay was performed in 96-well microplates using Hep-2 cells and the RSV Long strain. Details of the assay are described in the SI Materials and Methods.
Electron Microscopy. RSV F protein sample (50 μg/mL in 25 mM Tris, 300 mM NaCl) was absorbed onto a 400-mesh carbon-coated grid (Electron Microscopy Sciences) and stained with 0.75% uranyl formate. A Jeol 1200EX microscope, operated at 80 kV, was used to analyze the samples. Micrographs were taken at 65,000× magnification.
Circular Dichroism Spectroscopy. The CD spectrum was collected using a 1-mm cuvettete on a Jasco J-815 CD spectrometer from 320 to 190 nm at 20°C. The RSV F trimer sample (500 μg/mL in 25 mM Tris pH 7.5 buffer and 50 mM sodium chloride) was heated from 20°C to 95°C in 1°C/min steps, and a CD rotation at 210 nm was recorded at 5°C intervals. When the sample reached 95°C, the CD spectrum was collected again from 320 to 190 nm for comparison.
Binding Studies by SPR. The affinity of the monoclonal antibody Palivizumab for the RSV F trimer was measured by SPR with a Biacore T100 instrument. Palivizumab was directly immobilized on a CM5 sensor chip using amine coupling at very low levels (50 response units) and RSV F was injected at a high flow rate (100 μL/min) to avoid avidity effects and higher than 1:1 binding interaction. The data were processed using Biacore T100 evaluation software and double referenced by subtraction of the blank surface and bufferonly injection before global fitting of the data to a 1:1 binding model.
Competition ELISA. A total of 100 ng of purified RSV F in PBS was coated onto each well of Nunc MaxiSorp plates by overnight incubation at 4°C. The uncoated surfaces were blocked with PBS containing 1% BSA. Then, varying concentrations (threefold dilutions from a 1:25-starting dilution) of mouse sera (immunized or naive) were added and incubated at room temperature for 1 h, followed by addition of 100 ng/well of Palivizumab.
Plates were again incubated for 1 h at room temperature. Bound Palivizumab in presence of varying concentrations of either RSV F-immunized mice sera or naive sera was detected using antihuman HRPconjugated antibody (Jackson ImmunoResearch) and the TMB Peroxidase Substrate system (KPL) measured at 450 nm (Optimax microplate reader).
100% Palivizumab binding is defined as the binding in presence of the lowest dilution (1:25) of naive sera.
